Homocysteine is an independent risk factor for various cardiovascular diseases. There are two ways to remove homocysteine from embryonic cardiac cells: remethylation to form methionine or transsulfuration to form cysteine. ) reduced risk to develop CHD than the wild-type CC genotype carriers in the combined samples, respectively. Additional stratified analyses demonstrated that CBS −4673C>G is significantly related to septation defects and conotruncal defects. In vivo detection of CBS mRNA levels in human cardiac tissues and in vitro luciferase assays consistently showed that the minor G allele significantly increased CBS transcription. A functional analysis revealed that both the attenuated transcription suppressor SP1 binding affinity and the CBS promoter hypomethylation specifically linked with the minor G allele contributed to the remarkably upregulated CBS expression. Consequently, the carriers with genetically increased CBS expression would benefit from the protection due to the low homocysteine levels maintained by CBS in certain cells during the critical heart development stages. These results shed light on unexpected role of CBS and highlight the importance of homocysteine removal in cardiac development.
Introduction
Congenital heart disease (CHD) is the most common birth defect, affecting 9.1 per 1 000 live births worldwide [1] . The prevalence of CHD is increasing in China. The etiology of CHD is complex, involving both genetic and environmental factors. Decades of epidemiologic studies have suggested that pre-conception administration of folic acid protects newborns from various congenital abnormalities, including a 40%-60% decreased risk of www.cell-research.com | Cell Research Jian-Yuan Zhao et al. 243 npg CHD [2, 3] . Thus, association studies on genetic variants in the folate metabolism pathway genes and the risk of CHD flourished, especially the intensively studied MTH-FR C677T. However, these studies yielded controversial results [4] . As a metabolite in the folic acid pathway, homocysteine can be reversely regulated by folate supplementation and is an independent risk factor for CHD. Increased maternal homocysteine levels are associated with an increased risk of CHD in the offspring [5, 6] . Mouse and chicken embryo studies demonstrated that exposure to exogenous homocysteine during the critical period of cardiac development increased the incidence of CHD, especially septation defects [7] . Our previous study identified a functional variant in the first intron of methionine synthase reductase (MTRR) gene, c.56+781A>C that significantly increased the CHD risk in a large-scale, casecontrol study in a Han Chinese population [8] . MTRR is required for the activation of methionine synthase (MTR), which catalyzes homocysteine remethylation to methionine. This result strongly supported the hypothesis that homocysteine removal was crucial to an embryo's cardiac development because MTR/MTRR activity is essential for the adequate remethylation of homocysteine. In addition to being remethylated to methionine, homocysteine in embryo cells can be removed through the transsulfuration pathway to form cysteine. Cystathionine β-synthase (CBS, EC 4.2.1.22) catalyzes the first irreversible step from homocysteine to cystathionine in the transsulfuration pathway.
The CBS gene is located on the human chromosome 21q22. 3 . CBS deficiency is the most common cause of classical homocystinuria (HCU, OMIM236200), an inherited autosomal recessive metabolic disease [9] . Although CBS is presented at a low level in the fetus compared to adults, its expression is concentrated in the neural and cardiac tissues, especially in the endocardium cells, which implies a potential function of CBS in embryo cardiac development [10, 11] . The few association studies that focused on the CBS coding region variants and CHD risk obtained negative results [12, 13] .
In this study, the non-coding variants in the CBS gene were investigated in three independent casecontrol studies of 2 340 CHD patients and 2 270 controls from a Han Chinese population. We identified a CBS promoter variant, −4673C>G (rs2850144, NC_ 000021.8:g44496976C>G), which increases CBS gene expression and is significantly associated with reduced CHD risk in all three case-control pairs and in the combined dataset.
Results

The CBS 5′ regulatory variant −4673C>G significantly reduces the risk of CHD
The CBS gene spans over 30 kb and consists of 23 exons [14] . The human CBS gene encodes different mRNAs, a result of the use of five alternative non-coding exons (designated -1a to -1e) and a constant exon 0. Transcripts containing exons -1a or -1b appear to be the most abundant and are found in an assortment of adult and fetal tissues. However, usage of exons -1c, -1d, and -1e appears rare [14, 15] . In this study, the detection region covers the CBS 5′ regulatory region upstream of the first exon-1a (−6 251 to −3 623, numbered from ATG), together with the entire 3′ UTR fragment ( Figure 1A) .
In total, 3 common polymorphisms in the CBS gene regulatory region were identified with the minor allele frequency > 0.1, including rs2850144 (NC_000021.8: g44496976C>G, −4673C>G at the −4673 of ATG) in the promoter and rs1051319, rs706208 in the 3′ UTR region.
In the first stage of the association study, we genotyped the 3 SNPs in 270 cases versus 552 controls in Shanghai group. The genotype distribution of only one SNP (−4673C>G, rs2850144) was significantly different between the case and control subjects. The minor allele G at site −4673 was associated with a reduced risk of CHD. Similar results were observed in the validation study of 259 cases versus 324 controls in the Shandong group (Supplementary information, Table S1 ). The variant −4673C>G in the promoter of CBS has not been reported to be associated with any diseases so far. To further validate the protective effect of allele G at site −4673, we performed a second-stage association study by expanding the sample size to 602 cases and 660 controls in the Shanghai group and 735 cases and 564 controls in the Shandong Group. Additionally, 1 003 cases and 1 046 controls sampled from Jiangsu were added for validation.
We found a consistent protection effect against CHD from the −4673G allele compared to the C allele in both the Shanghai group (per allele adjusted OR = 0.75, 95% Cl = 0.63-0.87, P = 0.001) and the Shandong group (per allele adjusted OR = 0.80, 95% Cl = 0.68-0.95, P = 0.009). In the independently validated Jiangsu group, results similar to those in the Shandong and Shanghai groups were observed (per allele adjusted OR = 0.82, 95% Cl = 0.72-0.93, P = 0.002) ( Table 1 ). All genotype frequencies were in accordance with the Hardy-Weinberg expectation among control subjects (P > 0.05).
Combined samples of the three groups generated a 20% decreased CHD risk for the −4673 G allele (OR = 0.80, 95% CI = 0.73-0.87, P = 2.22 × 10 ) compared to the CC genotype. We checked the SNP frequency of CBS −4673 site in different ethnic groups (http://www.ncbi.nlm.nih.gov/ projects/SNP/snp_ref.cgi?rs=2850144). The allele frequency varies remarkably in different ethnic population at CBS −4673 site (YRI: C/G = 0.127/0.873; CEU: C/ G = 0.375/0.625; CHB+JPT: C/G = 0.408/0.592). It is interesting that the protective G allele is more abundant in Africa than in Europe or Asia, and Africa is reported to have the lowest total CHD birth prevalence (1.9 per 1 000 live births) comparing with Europe (8.2 per 1 000 live births) and Asia (9.3 per 1 000 live births) [1] .
A non-coding variant c.56+781A>C in the MTRR gene was significantly associated with CHD in the same cohort [8] . So the possible gene-gene interaction between CBS (−4673C>G) and MTRR (c.56+781A>C) were queried through logistic regression model and epistasis analysis in PLINK. However, there are no any interactions observed by PLINK epistasis analysis between these two variants either in additive model (coefficient = −0.034, P = 0.595), or in recessive model (coefficient = 0. 
CBS −4673C>G is strongly related with septation defects and conotruncal heart disease
According to the CHD standard classification [16] , a stratified analysis of −4673C>G was performed. The most significant protective effect was observed for septation defects (1 652 cases, P = 1.29 × 10 -6 ) and conotruncal defects (386 cases, P = 0.002) ( Table 2) . Additionally, in the sub-grouped CHD, we observed that CBS −4673C>G is significantly related with ventricular septal defect (VSD, 1 220 cases, P = 3.18 × 10 -5 ), atrial septal defect (ASD, 235 cases, P = 0.0006) and tetralogy of Fallot (TOF, 291 cases, P = 0.0016).
These affected CHD sub-classifications are highly consistent with the CBS expression pattern in both human and mouse embryos [10, 11] . CBS mRNA was observed in a 36-day-old human embryo (CS15) in the endocardium cells and was additionally found in cells derived from the neural crest forming the myocardial walls of the bulbus cordis [11] . Then, CBS mRNA was detectable in the endocardial tissue and in the atrial and ventricle myocardial walls at a later stage [11] . In the mouse cardiovascular system, CBS expression was additionally detected from E12.5 in the endocardial cells [10] .
Meanwhile, nonsyndromic isolated CHD showed a significant association with the CBS −4673C>G polymorphism (2 025 cases, P = 3.2 × 10 -7 ), but non-isolated CHD did not (315 cases, P = 0.25).
The −4673C>G variant increases CBS transcriptional activity
Because the associated polymorphism was located in the promoter region of the CBS gene, we speculated that it might affect CBS transcription. The real-time RT-PCR results using 28 cardiovascular tissue samples showed that the −4673CG samples displayed 2-fold and −4673GG samples nearly 6-fold upregulated expression compared with the samples of the CC genotype ( Figure  1B ).
To further investigate whether the increased CBS mRNA level was caused by the −4673C>G variant, we performed luciferase assays. As expected, the plasmid containing the protective G allele displayed a significantly higher luciferase expression than the wild-type C allele with a 52% increase in the human embryonic kidney 293 (HEK293) cells and a 42% increase in the rat cardiac myocyte (H9C2) cells ( Figure 1C ). These consistent in vivo and in vitro results confirmed that the promoter −4673C>G variant functionally increases the transcription of CBS.
The variant −4673C>G attenuates the transcription repressor SP1 binding affinity
The CBS variant −4673C>G is in complete linkage with another nearby variant, rs1788484 (−4638G>A). A surface plasmon resonance (SPR) analysis was conducted to test the DNA-protein binding capacity of both variants. In the direct SPR assay using the HEK293 nuclear extraction, the SPR-binding activity of the major −4673C allele was more than 1 000-fold higher than that of the minor G allele (Figure 2A ). However, there were no binding activity differences between the linked variant −4638G allele and the A allele (Supplementary information, Figure S1 ). We performed the competition SPR assay for −4673C>G by adding 5-or 10-fold excess non-biotinylated C/G probes as competitors. The SPR responses in both competition assays confirmed the direct assay results that the probe of the −4673C allele has a significantly higher affinity to certain transcription factors than the −4673G allele probe ( Figure 2B ).
The computational analysis (using Alibaba2 software) predicted that the promoter variant −4673C>G could influence the binding ability of the transcriptional factors SP1 and GR (Supplementary information, Figure S2 ). However, the chromatin immunoprecipitation (ChIP) sequencing results in the online database (Biobase: www. biobase-international.com; GenomeUCSC: http://genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg18&g=wgEnco deYaleChIPseq) and other studies suggested that the CBS promoter could bind to the transcriptional factor SP1 but not GR [17, 18] . ChIP assays using either HEK293 cells or cardiac tissue samples demonstrated that site −4673 of the CBS promoter was occupied by SP1 ( Figure 2C ). The CBS promoter fragment with site −4673 could be specifically precipitated with an SP1 antibody, but not with antibodies against CEBPα or a nonspecific rabbit IgG, which was confirmed by PCR amplification. The cotransfection experiment showed that the overexpressed SP1 decreased CBS transcription generally, and the variant −4673C/G amplified the promoter function disparity ( Figure 2D ). Taken together, SP1 acts as a transcription repressor and the −4673C>G variant attenuates the binding affinity with SP1, which finally results in the elevated expression of CBS.
The variant −4673C>G is correlated with the different allelic promoter methylation
The CBS promoter is rich in GC, and the variant −4673C>G is located within a region with high CpG content. To determine whether the CBS expression was regulated by methylation status, we inhibited DNA methylation in HEK293 cells using 5-aza-20-deoxycytidine (5-Aza). After the treatment, CBS mRNA increased significantly compared with the control group (DMSO treatment), indicating that CBS transcription was influenced by methylation status ( Figure 3A ). To explore how CBS expression was influenced by the promoter methylation status, we analyzed 20 potential methylation sites around site −4673 using 28 cardiac tissue samples ( Figure 3B ).
The CBS mRNA is generally upregulated with the promoter hypomethylation level, which is independent of the −4673C>G SNP. Considering the allelic methylation of variant −4673C>G, nearly 70% of C alleles have at least one CpG site methylated, while almost 80% G alleles are not methylated at any CpG sites ( Figure 3D) . Moreover, the CBS promoter of the −4673 G allele is always associated with a significantly reduced methylation level compared to the C allele promoter ( Figure 3C ; 15.49% vs 2.73%, P = 0.0001). Therefore, the hypomethylated minor G allele at site 
CBS −4673C>G is not correlated with plasma homocysteine levels in adults
CBS plays important roles in maintaining plasma homocysteine levels, and CBS-deficient patients show severe hyperhomocysteinemia and homocystinuria [9] . We explored the relationship between the CBS −4673C>G variant and plasma homocysteine levels in 522 healthy, fasting undergraduate student volunteers using the Axis Homocysteine Enzyme Immunoassay (EIA) assay. The results showed that the −4673C>G variant is not correlated with the plasma homocysteine levels (Figure 4) . Although the carriers of the GG genotype had relative lower plasma homocysteine levels than carriers of the CC and CG genotypes, the difference has no statistical 
Discussion
In this study, a functional promoter variant −4673C>G in the CBS gene was identified to significantly protect individuals against CHD in a large-scale case-control study in a Han Chinese population. In the same case-control cohort, we also found that non-coding variants in the MTRR [8] and MTR (unpublished) were significantly associated with increased CHD risk. CBS and MTRR/MTR are responsible for homocysteine clearance with one accord and are the only 3 genes found to be significantly associated with CHD after systematically investigating 9 genes (CBS, MTRR [8] , MTR, TYMS [19] , MTHFR, MTHFD, DNMT1, DNMT3A and DNMT3B) in the folate/ homocysteine metabolism pathway. These results consistently suggest that guaranteed homocysteine removal might be vital for normal heart development. Genetic variants affecting the capacity for homocysteine removal are closely associated with CHD and may contribute to the common CHD etiology. Meanwhile, our findings further accentuated the potential importance of non-coding variants in the folate pathway core genes in the etiology of CHD that was previously ignored. However, our initial observations only involved Han Chinese population, thus further confirmatory studies are demanded in other ethnic groups.
The interesting question is why the elevated CBS expression could protect individuals against CHD. In both Down syndrome children and the CBS transgenic mice, a significant decrease in plasma homocysteine levels was observed with the overexpression of CBS [20] [21] [22] [23] [24] . In contrast, both the patients with inherited homocystinuria caused by CBS deficiency and the Cbs knockout mice had significantly elevated plasma homocysteine levels [9, [25] [26] [27] [28] [29] [30] . Therefore, the CBS expression level demonstrated a correlation with the plasma homocysteine levels, although in this study we did not observe a statistically significant difference in plasma homocysteine levels in 522 fasting undergraduates with different CBS −4673 genotypes. It might be due to the age of the tested subjects. In Down syndrome patients carrying three copies of CBS, the plasma homocysteine level increased with age. Various studies of Down syndrome children showed consistently decreased plasma homocysteine levels compared with the same age controls [20] [21] [22] 31] , while trisomy 21 adults showed no difference in homocysteine levels [23] , and elderly patients even had increased homocysteine levels compared with controls [32] . Thus the correlation between CBS −4673 genotypes and plasma homocysteine level during embryonic development cannot be truly reflected in the tested undergraduate students.
In both human and mouse embryos, CBS is expressed in endocardium cells and cardiac neural crest cells, which implies that CBS might play important roles in maintaining homocysteine level in these cells [10, 11] . Our results indicate that the CBS −4673C>G variant was highly associated with septation defects (1 652 cases, P = 1.29 × 10 −6
) and conotruncal defects (386 cases, P = 0.002), and they also indirectly supported the influence of CBS expression mainly on endocardium cells and cardiac neural crest cells. Exposure of chicken and mouse embryos to exogenous homocysteine also resulted in septal defects [7] . Folate supplementation has been implicated in specifically reducing conotruncal anomalies and VSDs [33] . Consequently, the carriers with genetically increased CBS expression would benefit from the protection due to the low homocysteine levels maintained by CBS in certain cells during the critical heart development stages.
It is notable that we only observed protective variant in CBS gene instead of risk variant as previously reported in MTRR gene in the same cohort [8] . And among the CBSdeficient HCU patients or Cbs knockout mice, there were no reports that they were affected by CHD, although they had dramatically elevated plasma homocysteine levels [9, [25] [26] [27] [28] [29] [30] . We presume that it reflects the different roles of transsulfuration pathway catalyzed by CBS and remethylation pathway by MTR/MTRR in homocyestine removal in different developmental stages. The Km of CBS for homocysteine is estimated to be approximately 5 mmol/ L, whereas the Km for both MTR and betaine-dependent homocysteine methyltransferase (BHMT) are in the low micromolar range [34] . Consequently, remethylation with homocysteine conservation would be favored at low concentrations of the metabolite. Conversely, cystathionine synthase can utilize homocysteine at the higher concentrations that exceeds the capacity of the methylases and is the only reaction that removes homocysteine from the methionine cycle. Thus, the CBS deficiency-induced excess homocysteine in certain embryonic cardiac cells could be removed by the dominant pathway (remethylation by MTR) or by maternal intervention. However, the overloaded homocysteine due to CBS deficiency after birth could not be compensated anymore, and CBS activity undergoes dramatic change after birth to maintain normal plasma total homocysteine (tHcy) level. Thus, HCU patients and Cbs knockout mice had extremely high plasma tHcy levels without any CHD phenotype [9, [25] [26] [27] [28] [29] [30] . On the other hand, the decreasing MTR/MTRR activity, which plays a vital role in homocysteine removal, could not be compensated either by CBS activity in the same cells or by hepatic BHMT before fetal liver formation on day 32. Therefore, CBS deficiency would not lead to CHD directly, but increasing CBS expression will protect certain susceptible cells from a homocysteine attack and reduce CHD risk, whereas decreasing MTR/ MTRR expression caused by genetic variants will significantly increase CHD risk [8] . This hypothesis still needs further validation in animal models in the future.
Another concern might be that the overexpressed CBS has limited protection effects for CHD in the Down syndrome patients. As we know, 40%-60% of Down syndrome patients have accompanying heart defects [35] . The plausible explanation is that the protective effect of CBS via homocysteine removal is overshadowed by the structural defects caused by the other dosage-sensitive genes on chromosome 21. In our study, we noticed that the CBS −4673C>G could not show protective effects on non-isolated CHD cases (n = 315, P = 0.25) because the causative mutations for the complicated CHD are too strong to be reversed by the elevated CBS expression. Meanwhile, the triplicated Mmu17 mice, a Down syndrome model without CHD, indicated that the whole triplicated region covering 19 genes, including CBS, were excluded as the causative factor of Down syndrome CHD [36] .
Folate/homocysteine metabolism is very complex, and the homocysteine level in embryonic cells is determined by both gene-gene interactions (such as CBS, MTR, MTRR, etc.) and gene-environment interaction (such as maternal folate status). Therefore, it will be necessary to comprehensively evaluate these interacted variants and maternal folate levels for the accurate risk prediction of the offspring's CHD outcomes.
Although folate intake has been recommended to prevent newborns from birth defects, including CHD, for decades, the underlying molecular mechanism remains elusive. In our studies, only 3 homocysteine removal genes (CBS, MTR and MTRR [8] ) were strongly associated with CHD risk, which suggests that homocysteine, as a typical metabolite in the folate pathway, may play a potentially more important role than a sensitive biomarker. One possibility is that homocysteine level fluctuations, which can be genetically influenced by CBS or MTR/MTRR expression, may lead to an altered protein homocysteinylation, a type of post-translational modification. For the homocysteinylated proteins, the possible direct effects are changing protein functions, resulting in possible changes to developmental pathways. Investigation of associated protein homocysteinylation may be helpful to the interpretation of the molecular mechanisms involved in folate supplementation.
Our findings demonstrated a significant association between the CBS −4673C>G variant and a reduced risk of CHD in three independent Han Chinese populations. Because CBS played important roles in regulating homocysteine level in certain cardiac cells, elevated CBS expression would certainly protect the developing embryo against CHD, especially septation defects and conotruncal defects. Functional studies revealed that the CBS −4673C>G variant upregulates CBS expression by attenuated transcriptional suppressor SP1 binding affinity and promoter methylation. Our study sheds light on an unexpected role of CBS in cardiac development and further emphasizes the functional SNPs in non-coding region of homocysteine removal genes in birth defect research. The reported findings may initiate novel prediction and prevention strategy for birth defects, especially post folic acid fortification.
Materials and Methods
Study subjects
We analyzed samples from three independent case-control groups (Shanghai, Shandong and Nanjing) consisting totally 2 340 CHD patients and 2 270 controls, and classified the 2 340 cases into seven broad categories as described previously (Supplementary information, Table S2 ) [8] . In order to avoid potential artifacts due to population stratification effects, we performed principle component (PC) analyses using 16 ancestry-informative markers in Shanghai and Shandong groups. In both Shanghai and Shandong groups, rs2627923, rs117832620 and rs34852119 were the PCs (Shanghai group: cumulative = 0.967, lambda = 0.365; Shandong group: cumulative = 0.966, lambda = 0.398). There was no significant difference in these ancestry-informative biomarkers among the tested cases and controls (Shanghai group: P PC1 = 0.267, P PC2 = 0.974, P PC3 = 0.664; Shandong group: P PC1 = 0.595, P PC2 = 0.639, P PC3 = 0.589).
28 human cardiac tissue samples were used for the quantitative RT-PCR assay as described previously [8] . They were obtained from CHD patients who had undergone heart catheterizations or cardiac operations between January 2010 and May 2010 at the Cardiovascular Disease Institute, General Hospital of Jinan Military Command (Jinan, Shandong Province, China). The collected cardiac tissues include 3 ventricle samples, 4 atrium samples, 2 auricle samples, 10 outlet samples, 5 aorta samples, and 4 ventricular septum samples.
All study protocols were reviewed and approved by the each medical center's ethics committee and written consent was obtained from the parents and/or patients prior to the commencement of the study.
SNP identification and genotyping
Genomic DNA was isolated from the venous blood using conventional reagents. The CBS 5′ regulatory region from −6 251 to −3 623 bp (2 628 bp, chr21: 43344288-43346916, NC_000021.7, GI: 51511750) and the fragment containing the whole 3′ UTR (930 bp, chr21: 43368713-43369643, NC_000021.7, GI: 51511750) were amplified by PCR from 32 unrelated individuals randomly selected from both the Shanghai and Shandong groups for polymorphism screening by sequencing. Direct dye terminator sequencing of the PCR products was carried out using the ABI Prism 
Plasmid constructs, host cell culture and luciferase assays
To construct the CBS reporter plasmid, we amplified the 1 292 bp CBS fragment from −5 372 to −4 080 by PCR from genomic DNA, which contains the C allele of SNP −4673C>G. The PCR products were subcloned into the NheI and HindIII restriction sites of the pGL3-Basic vector (Promega, Madison, WI, USA). The corresponding G allele plasmid was generated by site-directed mutagenesis with the MutanBEST kit (Takara, Berkeley, CA, USA) to ensure a uniform backbone sequence. We verified all of the recombinant clones by DNA sequencing. The primers utilized are presented in Supplementary information, Table S3. HEK293 and H9C2 cells (1 × 10 5 ) were seeded in 24-well culture plates. After 24 h of culture, the cells were transfected with 1 µg of both a CBS promoter reporter plasmid and 20 ng of the pRL-TK plasmid (Promega) as a normalization control, half of the cells were additionally co-transfected with 50 ng of the pcDNA3.1-SP1 expression plasmid or equivalent amounts of empty pcDNA3.1 vector using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. After an additional 24 h of culture, the transfected cells were assayed for luciferase activity using the Dual-Luciferase Reporter Assay System (Promega). Three independent transfection experiments were performed, and each luciferase assay was carried out in triplicate.
For treatment with 5-Aza (Sigma-Aldrich, St. Louis, MO, USA), which causes DNA demethylation or hemidemethylation, 2 × 10 5 HEK293 cells were seeded into a 6-well plate in 3 ml of medium. After 24 h of incubation, the medium was removed, and cells were incubated in 3 ml of fresh medium containing 10 mM 5-Aza for 24 h. After treatment, the medium was removed, and cells were subjected to additional 24 h incubation in 3 ml of fresh medium without 5-Aza, and total RNA was extracted. In the control well, 5-Aza was replaced with DMSO, and medium was changed daily.
SPR analysis
The SPR analysis was carried out using the ProteOn XPR36 Protein Interaction Array System (Bio-Rad, Hercules, CA, USA). Biotinylated duplex oligonucleotide probes representing the −4673 C or G alleles and −4638 G or A alleles (sequences listed in Supplementary information, Table S3 ) were immobilized on the streptavidin-modified surfaces of the different channels from DNA solutions at a fixed concentration (400 nM) to ensure identical surface density. Nuclear extracts from HEK293 cells were diluted in PBST to different concentrations and then pre-incubated with non-specific DNA for 15 min before passing across the DNAimmobilized surface. Non-biotinylated competitors in 4-fold excess were used for the competition assays. The results presented in the sensorgram were converted by BIA evaluation software. Each experiment was repeated 3 times.
ChIP assays
The ChIP assays were conducted using the EZ ChIP Kit (Upstate, Lake Placid, NY, USA). First, HEK293 cells and two cardiac tissue samples were crosslinked by 1% formaldehyde for 10 min. DNA was then sonicated into fragments with a mean length of 200 to 1 000 bp. The sheared chromatin was immunoprecipitated by incubation with antibodies against SP1, CEBPα or non-specific rabbit IgG (Santa Cruz Biotechnology, CA, USA) overnight at 4 °C. The DNA fragments were identified using PCR, and the primers used are listed in Supplementary information, Table S3 .
Quantitative real-time RT-PCR
Total RNA was extracted from the human cardiovascular tissue samples preserved in RNAlater (Qiagen, Valencia, CA, USA) and converted to cDNA using random hexamers, oligo (dT) primers and Moloney murine leukemia virus reverse transcriptase (Takara). The CBS mRNA levels were measured by quantitative real-time RT-PCR using the ABI Prism 7900 sequence detection system with GAPDH as an internal reference gene. Each reaction was performed in triplicate. The primers used are listed in Supplementary information, Table S3 .
Bisulfite sequencing
The treatment of genomic DNA with bisulfite was performed using the EZ DNA Methylation-Gold kit (ZYMO Research, Los Angeles, CA, USA), according to the manufacturer's instructions. The region near −4673C>G of the CBS promoter from −4 803 to −4 516 consisting of 20 CpG sites was amplified. The PCR products were purified and subcloned into pMD T-19 (Takara). After an overnight bacterial culture, 10 subclones from each of the 28 different PCR assays were subjected to direct sequencing on an ABI Prism 3770.
Plasma homocysteine detection
EDTA-plasma samples were obtained from fasting undergraduate volunteers in the early morning, centrifuged immediately and stored in a −80 °C freezer until subjected to homocysteine detection. The Axis® Homocysteine Enzyme Immunoassay (EIA) Kit (Axis-Shield, Norton, MA, USA) was used to determine the plasma homocysteine level according to the manufacturer's instructions. Each test was duplicated, and the mean level was used for further analysis.
Statistical analysis
Differences in demographic features and allelic or genotypic frequencies between the CHD cases and controls were compared using the χ 2 test. The Hardy-Weinberg equilibrium was additionally tested using the χ 2 test in the controls. To evaluate the associations between the genotypes and the CHD risk, ORs and 95% CIs were calculated by unconditional logistic regression analysis with adjustments for age and sex. Other differences were evaluated using the Student's t-test. All statistical tests were two-tailed with P < 0.05 set as the significance level and were performed using SPSS 15.0 software (SPSS, Chicago, IL, USA).
